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sites	 of	F.	 necrophorum	 in	 ovine	 footrot.	 Study	A	 included	 10	 sheep	 sampled	 on	 four	
occasions	at	two	week	intervals.	Study	B	included	40	sheep	sampled	weekly	for	20	weeks.	
Samples	 collected	 from	 sheep	and	 their	 environment	were	 foot	 swabs,	mouth	 swabs,	
faeces,	soil	and	grass.	Quantitative	PCR	was	used	to	detect	and	quantify	F.	necrophorum.	




Contrary	 to	 prior	 assumption,	 the	 environment	 was	 not	 a	 significant	 reservoir	 of	 F.	
necrophorum.	F.	necrophorum	persisted	in	sheep,	primarily	on	feet	with	footrot.	MLVA	











AHDB	 	 	 Agriculture	and	Horticulture	Development	Board	
ATL	 	 	 Tissue	lysis	buffer	
AWERB	 	 Animal	Welfare	Ethical	Review	Body	
BBQ	 	 	 Blackberry	quencher	
BLAST	 	 	 Basic	local	alignment	search	tool	
Bp	 	 	 Base	pairs		
BSA	 	 	 Bovine	serum	albumin	
CS	 	 	 Cross	sectional	
CI		 	 	 Confidence	interval	
CODD	 	 	 Contagious	ovine	digital	dermatitis	
Defra	 	 	 Department	for	the	Environment,	Food	and	Rural	Affairs	
DNA	 	 	 Deoxyribonucleic	acid	
D.	nodosus	 	 Dichelobacter	nodosus	
E.	coli	 	 	 Escherichia	coli	
EDTA	 	 	 Ethylenediaminetetraacetic	acid	
FAM	 	 	 6-carboxyl-fluorescein	
FISH	 	 	 Fluorescence	in-situ	hybridisation	
F.	necrophorum	 Fusobacterium	necrophorum	
goeBURST	 	 Global	optimal	eBURST	algorithm	
HGDI	 	 	 Hunter	Gaston	Discriminatory	Index	
ID	 	 	 Interdigital	dermatitis	
Kb	 	 	 Kilobase	
LB	broth	 	 Luria	Bertani	broth	
MLST	 	 	 Multilocus	sequence	typing	
MLVA	 	 	 Multiple	locus	variable	number	tandem	repeat	analysis	
OR	 	 	 Odds	ratio	
PBS	 	 	 Phosphate	buffered	saline	
PCR	 	 	 Polymerase	chain	reaction	
PEG	 	 	 Polyethylene	glycol	
PFGE	 	 	 Pulsed	field	gel	electrophoresis	
qPCR	 	 	 Quantitative	PCR	
RAMS	 	 	 Recto-anal	mucosal	swab	
RNA	 	 	 Ribonucleic	acid	
S.	aureus	 	 Staphylococcus	aureus	
SFR	 	 	 Severe	footrot	
SLV	 	 	 Single	locus	variant	
Spp.	 	 	 Species	(multiple)	
S.	uberis	 	 Streptococcus	uberis	
TDL	 	 	 Theoretical	detection	limit	
T.	pyogenes	 	 Trueperella	pyogenes	








productivity	 (Marshall	 et	 al.,	 1991;	 Nieuwhof	 et	 al.,	 2008;	Wassink	 et	 al.,	 2010),	with	
resulting	 economic	 losses	 for	 sheep	 farmers.	 Footrot	 is	 reported	 in	 sheep	 farming	
countries	worldwide,	and	in	the	UK	it	is	the	most	common	cause	of	lameness	in	sheep	
(Grogono-Thomas	&	Johnston,	1997;	Kaler	&	Green,	2008;	Winter	et	al.,	2015).	It	is	one	





by	 inflammation	 of	 the	 interdigital	 skin,	 and	 severe	 footrot	 (SFR)	 where	 hoof	 horn	
separates	from	the	underlying	sensitive	tissue	(Figure	1.1).	The	causal	agent	of	footrot	is	





between	 sheep	 via	 the	 environment	 (Beveridge,	 1941;	 Whittington,	 1995),	 and	


























flock	 management	 strategies	 including	 biosecurity,	 vaccination,	 culling	 and	 genetic	
selection	 are	 also	 used	 to	 control	 footrot.	 Flock	 level	 elimination	 of	 footrot	 has	 been	
achieved	in	several	countries	(Egerton	et	al.,	2002;	Gurung	et	al.,	2006;	Mills	et	al.,	2012;	







Fusobacterium	 necrophorum	 is	 a	 Gram-negative,	 pleomorphic,	 generally	 rod-shaped	
anaerobe	that	uses	lactate	as	its	main	energy	substrate	(Lechtenberg	et	al.,	1988).	It	is	
one	of	fourteen	species	of	the	genus	Fusobacterium	(Shah	et	al.,	2009),	and	is	a	pathogen	
of	 both	 humans	 and	 animals	 (Nagaraja	 et	 al.,	 2005).	 	 There	 are	 two	 subspecies	 of	 F.	
necrophorum:	 F.	 necrophorum	 subsp.	 necrophorum	 and	 F.	 necrophorum	 subsp.	
funduliforme	 (Shinjo	 et	 al.,	 1991).	 F.	 necrophorum	 subsp.	 necrophorum	 is	 more	
pathogenic	 (Nagaraja	 et	 al.,	 2005)	 and	 is	 more	 commonly	 found	 in	 animal	 disease	





diseases	 characterised	 by	 necrotic	 lesions	 and	 abscesses,	 termed	 necrobacilloses	
(Langworth,	1977;	Tan	et	al.,	1996).	Hepatic	abscesses	in	cattle	and	pharyngotonsillitis	in	
humans	 are	 the	 most	 well	 studied	 examples	 and	 these	 are	 detailed	 below.	 F.	
necrophorum	 is	 also	 associated	 with	 other	 diseases	 including	 periodontal	 disease	 in	
wallabies,	calf	diphtheria,	digital	necrobacillosis	 in	ungulates	and	endometritis	 in	cattle	






is	 transported	 to	 the	 liver	where	 it	 can	 result	 in	 abscess	 formation.	 Evidence	 for	 this	






in	 humans	 (Eaton	 &	 Swindells,	 2014;	 Jensen	 et	 al.,	 2015;	 Holm	 et	 al.,	 2016).	 It	 was	
originally	 believed	 that	 F.	 necrophorum	 was	 present	 as	 a	 commensal	 in	 the	 throat	 of	
healthy	 individuals	 of	 all	 ages,	 however,	 recent	 evidence	 indicates	 that	 it	 is	 primarily	
present	 in	 adolescents	 and	young	adults,	with	F.	necrophorum	 pharyngotonsillitis	 also	
being	more	prevalent	in	this	age	group	(Aliyu	et	al.,	2004;	Jensen	et	al.,	2007;	Ludlam	et	
al.,	 2009;	 Jensen	 et	 al.,	 2015;	 Van	 et	 al.,	 2017).	 Social	 behaviour	 is	 one	 suggested	
explanation	for	this	age	distribution:	Ludlam	et	al.	 (2009)	demonstrated	an	association	
between	F.	necrophorum	 colonisation	and	a	history	of	 lip-to-lip	kissing	contacts	 in	 the	







the	 jugular	 vein	and	haematological	 spread	of	F.	necrophorum	 followed	by	metastatic	
abscess	formation	(Lemierre,	1936;	Riordan,	2007).	
1.4.2	Virulence	factors	of	Fusobacterium	necrophorum	
F.	necrophorum	has	a	variety	of	virulence	 factors	of	which	 leukotoxin	 is	 the	most	well	
studied;	the	others	are	summarised	in	Table	1.1.	Leukotoxin	is	considered	to	be	the	major	
virulence	factor	for	disease	in	animals	(Nagaraja	et	al.,	2005).	It	is	a	secreted	protein	that	
is	 cytotoxic	 to	 bovine	 leukocytes,	 causing	 cellular	 activation	 and	 apoptosis	 at	 low	
concentrations	and	necrotic	cell	death	at	high	concentrations,	a	feature	that	may	enable	























































the	 early	 20th	 Century,	 F.	 necrophorum	 was	 believed	 to	 be	 the	 causal	 agent	 of	 ovine	
footrot	(Mohler	&	Washburn,	1904).	In	1941,	Beveridge	identified	Dichelobacter	nodosus	
as	 the	 causal	 agent.	 When	 sheep	 feet	 were	 inoculated	 with	 D.	 nodosus,	 footrot	





In	 1969,	 Roberts	 and	 Egerton	 studied	 the	 aetiology	 and	 pathogenesis	 of	 footrot	 and	





alone	 developed	 footrot	 lesions	 compared	 to	 8/11	 given	 both	 bacteria.	 They	
subsequently	applied	D.	nodosus	cultures	to	the	feet	of	sheep	that	had	already	been	kept	




They	 concluded	 that	 a	 factor	 provided	 by	 faecal	 contamination	 was	 required	 for	 D.	
nodosus	 invasion,	and	that	 this	 factor	was	F.	necrophorum.	 It	 is	however	possible	that	
standing	in	pens	heavily	contaminated	by	faeces	caused	more	damage	to	the	interdigital	
skin	 than	wet	conditions	alone,	making	 feet	more	susceptible	 to	 invasion;	 the	authors	
observed	that	only	mild	inflammation	was	present	in	skin	sections	taken	from	sheep	kept	
in	 clean	pens.	 It	 is	 also	highly	 likely	 that	 if	F.	necrophorum	were	present	 in	 the	 faecal	





lesions,	 and	 observed	 that	 D.	 nodosus	 predominated	 in	 early	 lesions	 but	 that	 F.	
necrophorum	predominated	in	later	lesions.	They	also	observed	that	severe	inflammation	
was	usually	associated	with	F.	necrophorum.	 In	contrast,	 they	observed	that	 in	 lesions	
artificially	induced	with	material	taken	from	feet	with	footrot,	F.	necrophorum	 invaded	
the	 epidermis	 several	 days	 before	 D.	 nodosus.	 They	 concluded	 that	 F.	 necrophorum	







Recent	 evidence	 supports	 the	 theory	 that	 D.	 nodosus	 colonisation	 occurs	 prior	 to	





disease	and	F.	 necrophorum	 is	 an	opportunist	 once	disease	has	occurred.	 Subsequent	
cross-sectional	studies	have	also	demonstrated	highest	prevalence	and	load	of	D.	nodosus	




The	 suggested	 role	 for	F.	 necrophorum	 as	 a	 secondary	 opportunist	 in	 ovine	 footrot	 is	
consistent	with	 its	opportunistic	nature	 in	other	diseases	 (Section	1.4	above).	 In	many	
conditions,	 F.	 necrophorum	 is	 thought	 to	 act	 synergistically	 with	 other	 bacterial	





severe	 inflammation	 and	 tissue	 sloughing.	 They	 concluded	 that	 the	 characteristic	












with	 facultative	 bacteria	 may	 contribute	 to	 the	 establishment	 of	 an	 anaerobic	
environment	for	F.	necrophorum	(Roberts	&	Egerton,	1969),	and	that	the	leukotoxin	from	





three	 phylogroups	 (“Treponema	 medium/Treponema	 vincentii-like”,	 “Treponema	
phagedenis-like”	 and	 Treponema	 pedis)	 have	 been	 associated	 with	 contagious	 ovine	
digital	dermatitis	(CODD)	in	sheep	(Sullivan	et	al.,	2015).	This	disease	is	characterised	by	
ulceration	of	the	skin	at	the	coronary	band,	which	is	followed	by	separation	of	the	hoof	
horn	 from	 the	 underlying	 tissue	 (Naylor	 et	 al.,	 1998).	 During	 early	 studies	 of	 footrot,	
Beveridge	(1941)	and	Egerton	et	al.	 (1969)	observed	spirochaetal	organisms	 in	 footrot	
lesions.	More	recently,	Frosth	et	al.	(2015)	detected	Treponema	spp.	on	the	feet	of	sheep	
in	Swedish	flocks	with	and	without	footrot,	but	found	no	association	between	detection	














of	 the	 foot	 occur	 in	 association	 with	 footrot,	 however,	 because	 this	 study	 was	 cross	
sectional	the	timescale	of	these	changes	in	relation	to	disease	progression	is	not	clear.		
	




or	present	 in	 increased	numbers,	 in	disease	(Loesche,	1976;	Hajishengallis	et	al.,	2012;	
Nobbs	 et	 al.,	 2013).	 In	 1986,	 Theilade	 proposed	 that	 it	 is	 multiple	 species	 within	 a	
community,	 rather	 than	 individual	 species,	 that	 contribute	 to	 disease	pathogenesis.	 A	
more	 recent	 theory	 suggests	 that	 dysbiosis	 of	 the	 microbial	 community	 (changes	 in	
relative	abundance	of	members	of	the	community)	is	initiated	by	‘keystone’	pathogens	
present	 at	 low	 abundance	 (Hajishengallis	 et	 al.,	 2012).	 These	 authors	 highlight	
Porphyromonas	gingivalis	as	an	example	of	a	keystone	pathogen	because	despite	being	
present	at	 low	abundance,	 it	 can	subvert	 the	host	 immune	 response	 resulting	 in	both	
alterations	 to	 the	microbial	 community	 and	 periodontitis	 (Hajishengallis	 et	 al.,	 2011).	
Research	into	the	pathogenesis	of	ovine	footrot	has	focused	on	the	role	of	D.	nodosus	and	









failed	 to	detect	F.	 necrophorum	 in	 sheep	 faeces	 collected	directly	 from	 sheep	but	did	
detect	F.	necrophorum	in	4/35	faecal	samples	collected	from	the	floor	of	sheep	pens	and	










al.,	 1971).	 Garcia	 et	 al.	 (1971)	 used	 a	 fluorescently-labelled	 antibody	 to	 visualise	 F.	
necrophorum	 cells	 in	 soil	 kept	 under	 a	 variety	 of	 conditions.	 They	 observed	 that	
antigenically	reactive	cells	were	still	visible	after	10	months	in	soil	kept	under	anaerobic	
conditions	 at	 4°C,	 and	 after	 8	 months	 at	 37°C.	 Using	 acridine	 orange	 staining,	 they	
demonstrated	survival	of	viable	F.	necrophorum	cells	for	up	to	8	weeks.	This	paper	led	to	
an	assumption	that	F.	necrophorum	is	ubiquitous	in	the	environment	of	sheep	and	other	




















presence	and	survival	of	F.	necrophorum	 in	 localised	areas	of	pasture,	however,	 these	




F.	 necrophorum	 has	 been	 detected	 in	 the	 mouths	 of	 sheep	 (McCourtie	 et	 al.,	 1990;	
Bennett	 et	 al.,	 2009;	Witcomb,	 2012).	Witcomb	 (2012)	 reported	 that	 74%	 (26/35)	 of	
mouth	 swabs	 were	 positive	 for	 F.	 necrophorum,	 and	 also	 provided	 evidence	 from	









Detection	 of	 bacteria	 at	 a	 site	 might	 indicate	 transient	 contamination,	 transient	
colonisation	or	persistence.	Persistence	of	pathogens	in	hosts	and,	for	some	pathogens,	






populations	 to	 antibiotics	 (Patra	 &	 Klumpp,	 2013;	 Brauner	 et	 al.,	 2016).	 In	
	 	 Chapter	1	
	 12	
metapopulations	 of	 bacteria,	 bacterial	 dispersal	 can	 exploit	 transient	 differences	
between	sites	(Holt,	1993):	if	conditions	at	one	site	become	unfavourable	for	survival,	the	
metapopulation	 is	 maintained	 by	 survival	 of	 a	 population	 at	 a	 different	 site	 where	





aureus	have	been	defined	based	on	 the	proportion	of	positive	nasal	 swabs	out	of	 the	
number	of	swabs	taken,	however,	the	intervals	between	sample	collection	vary,	different	
thresholds	are	applied,	and	some	studies	include	strain	types	in	their	definitions	whereas	








detection.	 It	 should	 also	 be	 considered	 how	many	 consecutive	 negative	 samples	 are	






of	 livestock	 use	 a	 variety	 of	 reservoir	 sites	 in	 order	 to	 persist	 within	 a	 host	 or	 its	






rarely	 had	 more	 than	 one	 faecal	 sample	 positive	 suggesting	 that	 S.	 uberis	 was	 not	








evidence	 for	 transmission	 from	 reservoir	 sites,	 for	 example	 Shere	 et	 al.	 (1998)	 used	
longitudinal	 data	 to	 illustrate	detection	of	 the	 same	 strain	of	E.	 coli	 in	 drinking	water	
following	detection	in	faeces.	Similarly	Mork	et	al.	(2012)	identified	the	same	strain	types	
of	 S.	 aureus	 in	 ewes	 and	 their	 lambs.	 However,	 none	 of	 these	 studies	 looked	 at	




on	 pasture.	 Persistence	 of	 F.	 necrophorum	 in	 a	 flock	 of	 sheep	 could	 occur	 as	 F.	
necrophorum	 move	 between	 sites	 within	 and	 between	 sheep.	 On	 a	 larger	 scale,	 the	
movement	of	sheep	between	flocks	could	facilitate	persistence.	There	are	no	further	data	











have	 investigated	 this.	 Increases	 in	F.	 necrophorum	 load	 on	 feet	 occur	 subsequent	 to	







Longitudinal	 studies	 involve	measuring	 the	 outcome	of	 interest	 repeatedly	 over	 time.	
They	are	valuable	in	epidemiology	as	they	can	provide	evidence	for	causal	associations,	
and	 they	 also	 facilitate	 investigation	 of	 persistence	 through	 detection	 of	 the	 same	
organism	at	 the	 same	site	on	 repeated	occasions.	A	 longitudinal	 study	 is	necessary	 to	
determine	 reservoirs	 of	 F.	 necrophorum	 in	 sheep	 and	 their	 environment,	 and	 their	
relevance	to	development,	severity	and	chronicity	of	footrot.	 In	this	study,	persistence	
will	 be	defined	 as	detection	of	F.	 necrophorum	 on	 two	or	more	 consecutive	 sampling	












for	 pneumonia	 than	 those	 with	 lower	 loads	 (Nilsson	 et	 al.,	 2010).	 Similarly	 patients	
admitted	with	severe	meningitis	had	higher	loads	of	meningococcal	bacteria	in	their	blood	
than	those	with	mild	disease	(Hackett	et	al.,	2002).	Bacterial	load	may	also	be	associated	
with	persistence:	Verhoeven	 et	al.	 (2012)	used	 load	of	S.	aureus	 on	nasal	 swabs	 from	
humans,	as	measured	by	qPCR,	to	predict	persistent	nasal	carriage.		
1.10.3	The	use	of	strain	typing	to	understand	persistence	and	transmission	
The	 use	 of	 species	 level	 data	 is	 not	 sufficiently	 robust	 to	 understand	 persistence	 and	
transmission	of	bacterial	pathogens,	and	therefore	strain	typing	is	essential	in	these	types	
of	 epidemiological	 studies.	 Strain	 typing	 has	 been	 widely	 used	 to	 understand	 the	
epidemiology	and	ecology	of	bacterial	pathogens	in	livestock,	using	a	range	of	methods	
including	 ribotyping,	 pulsed	 field	 gel	 electrophoresis	 (PFGE),	 multiple	 locus	 variable	
number	tandem	repeat	analysis	(MLVA)	and	multilocus	sequence	typing	(MLST)	(Shere	et	
al.,	1998;	Zadoks	et	al.,	2005;	Vranckx	et	al.,	2011;	Davies	et	al.,	2016).	Ribotyping	and	


















































































Purdy	 (2005).	 This	 method	 involves	 chemical	 (phenol),	 detergent	 (sodium	 dodecyl	
sulphate)	 and	 mechanical	 (bead	 beating)	 cell	 lysis,	 followed	 by	 extraction	 and	 then	










The	hydroxyapatite	 spin	 column	method	 (Purdy,	 2005)	was	used	 to	extract	DNA	 from	
swabs.	 Swabs	 were	 thawed	 before	 processing,	 and	 then	 transferred	 to	 a	 sterile	 2ml	
screw-cap	 microcentrifuge	 tube	 using	 sterile	 tweezers	 and	 any	 PBS	 remaining	 in	 the	



































A	 TaqMan®	 qPCR	 targeting	 the	 rpoB	 gene	 (RNA	 polymerase	 beta	 subunit)	 of	 F.	
necrophorum	(Witcomb	et	al.,	2014)	was	used	to	analyse	all	samples	(Table	2.1).	Primer	
and	probe	sets	were	synthesized	and	purified	commercially	(TIB	MOLBIOL,	GmbH,	Berlin,	
Germany).	 The	 probes	 were	 labelled	 at	 the	 5’-end	 with	 the	 fluorescent	 dye	 FAM	 (6-
carboxyl-fluorescein)	 and	at	 the	3’-end	with	 the	non-fluorescent	quencher	BBQ	 (Black	
















system	 (Applied	 Biosystems,	 Warrington,	 UK).	 Cycling	 conditions	 and	 amplification	
reactions	 were	 based	 on	 Witcomb	 et	 al.	 (2014).	 PCR	 mastermix	 was	 prepared	 in	 a	
designated	hood.	The	equipment	was	exposed	to	UV	light	for	15	minutes	before	use.	Each	
sample	was	run	in	technical	triplicate	for	quantification	purposes;	and	only	samples	that	



















Primer	forward	 10µM	 900nM	 2.25	
Primer	reverse	 10µM	 900nM	 2.25	




BSA	 10mg	ml-1	 1mg	ml-1	 2.5	
Nuclease	free	H20	 -	 -	 3.875	
DNA	 Various	 Various	 1.0	




The	 rpoB	 gene	 PCR	 product	 from	 F.	 necrophorum	 DSM	 21784	was	 purified	 using	 the	
QIAquick	Nucleotide	Removal	kit	(Qiagen	Ltd.,	Manchester,	UK).	The	86bp	product	was	
cloned	into	the	pCR®	4-TOPO®	vector	system	(Invitrogen	Ltd.,	Paisley,	UK)	and	the	plasmid	
DNA	 extracted	 using	 the	 Miniprep	 kit	 (Qiagen	 Ltd.,	 Manchester,	 UK)	 as	 described	 in	
Section	 2.3.	 Plasmid	 DNA	 was	 quantified	 using	 the	 Nanodrop®	 spectrophotometer	
(Section	2.1.4).	Concentrations	of	DNA	required	in	order	to	provide	serial	dilutions	of	3.5	

































Redmond,	 WA).	 The	 mean	 load	 of	 the	 triplicate	 run	 per	 sample	 was	 calculated	 to	








The	 analytical	 specificity	 of	 the	 F.	 necrophorum	 (rpoB)	 qPCR	 has	 been	 demonstrated	
through	 screening	 of	 non-target	 microorganisms	 and	 comparison	 of	 sequences	 from	
cloned	rpoB	PCR	products	with	the	GenBank	database	(Witcomb	et	al.,	2014).	Controls	
were	 included	 to	 check	 for	 contamination	 during	 sample	 processing.	 A	 non-template	







0.01g)	 faeces	 (both	 soil	 and	 faeces	 previously	 confirmed	 negative	 for	F.	 necrophorum	




of	 the	 prepared	 serial	 dilutions.	 Swabs	 were	 stored	 at	 -80°C	 in	 cryotubes	 (Corning®	
Cryogenic	Vials,	Corning	Incorporated,	New	York,	USA)	containing	300µl	sterile	PBS,	and	


























































































F.	 necrophorum	 DSM	 21784)	 and	 a	 blank	 negative	 control	 (nuclease	 free	 H2O)	 were	
included	 in	 all	 PCR	 amplifications.	 PCR	 reaction	 mixtures	 are	 presented	 in	 Table	 2.4.	
EmeraldAmp	MAX	PCR	Master	Mix	(2	×)	(Takara	Bio	Europe/SAS,	Saint-Germain-en-Laye,	

















Primer	forward	 10µM	 400nM	 1	




BSA	 100µg	ml-1	 4µg	ml-1	 1	
Nuclease	free	H20	 -	 -	 8.5	
DNA	 Various	 Various	 1	





acetate-EDTA	 (TAE)	 buffer.	 Each	 gel	 was	 run	 at	 100	 volts	 for	 15	 -	 20	 minutes.	




















Anaerobe	 Selective	 Supplement	 (Oxoid	 Ltd.,	 Altrincham,	 UK),	 5%	 defibrinated	 sheep	
blood	and	josamycin	(3µg	ml-1).	They	were	sub-cultured	on	Wilkins-Chalgren	Anaerobe	
Agar	 (Figure	 2.2).	 All	 incubations	 were	 carried	 out	 under	 anaerobic	 conditions	 (Don	
Whitley	 MACS-MG-1000	 anaerobic	 workstation;	 80%	 N2,	 10%	 CO2	 and	 10%	 H2,	 Don	
Whitley	 Scientific	 Ltd.,	 Shipley,	UK)	 at	 30°C	 for	 2-5	 days.	 In	 some	 cases	where	 colony	
identity	was	uncertain,	Gram-staining	(Bartholomew	&	Mittwer,	1952)	was	used	to	aid	
identification	of	F.	necrophorum	(Figure	2.2;	Gram-negative	rods,	often	forming	chains).	
























was	 F.	 necrophorum.	 Primers	 synthesised	 by	 Sigma-Aldrich	 (Sigma-Aldrich	 Ltd.,	
Gillingham,	UK)	targeting	the	gyrase	b	subunit	of	F.	necrophorum	(Jensen	et	al.,	2007)	and	







F.	necrophorum	(gyrase		 GyrB	(F)	 AGGATTGCATGGAGTAGGAA	 306	
β	subunit)	 GyrB	(R)	 CCTATTTCATTTCGACAATCCA	 	
	 	 	 	





PCR	 reactions	 were	 carried	 out	 as	 described	 for	 vector	 sequencing	 PCR	 reactions	 in	
Section	2.3.2,	with	 the	exception	of	 the	 cycling	 conditions	which	were	95°C	 for	5	min	












severity	 of	 ovine	 footrot	 (Beveridge,	 1941;	 Roberts	 &	 Egerton,	 1969;	Witcomb	 et	 al.,	





states	 that	 the	 environment	 and	 sheep	 faeces	 are	 the	 primary	 reservoirs	 for	 F.	
necrophorum	in	footrot	(Roberts	&	Egerton,	1969;	Langworth,	1977),	however,	in	a	recent	
study	 F.	 necrophorum	 was	 not	 detected	 in	 soil	 from	 sheep	 pasture	 or	 sheep	 faeces	
(Witcomb,	2012).	F.	necrophorum	can	be	detected	on	the	healthy	feet	and	in	the	mouths	


























The	 studies	 were	 approved	 by	 the	 University	 of	 Warwick’s	 local	 ethics	 committee	
(AWERB.33/13-14).	Faecal	samples	from	sheep	were	collected	under	Home	Office	Licence	
(PPL	 70/8392).	 Informed	 consent	 was	 obtained	 from	 the	 farmers	 before	 each	 study	
started	and	farmers	were	compensated	for	inconvenience	at	the	end	of	the	studies.	The	




A	 and	 40	 sheep	 in	 Study	 B.	 The	 data	 from	 these	 studies	 were	 also	 used	 to	 study	





















25	 sheep	was	 needed	 to	 detect	 a	 difference	 in	 detection	 frequency	 between	 disease	
states.	A	range	of	6	–	44	sheep	was	needed	to	detect	a	log10	increase	in	F.	necrophorum	





The	 study	 population	was	 a	 flock	 of	 approximately	 150	North	Country	Mule	 breeding	
ewes	on	a	lowland	farm	in	Warwickshire,	England	where	footrot	was	endemic.	The	flock	
was	 first	 visited	 on	 28-May-2014.	 Four	 lame	 sheep	 (two	 ewes	 and	 two	 lambs)	 were	
convenience-selected	and	six	non-lame	sheep	were	randomly	selected.	These	10	sheep	




At	 each	 sampling,	 each	 foot	 of	 each	 sheep	 was	 examined	 and	 scored	 for	 lesions	 of	










































	 Study	A	 Study	B	 	
Foot	swabs	 40	 160	 One	swab	sample	per	foot	
Mouth	swabs	 10	 40	 One	swab	sample	from	gingival	crevice	per	sheep	
Faeces	 NA	 40	 Study	B	only:	one	rectal	faecal	sample	per	sheep	
	
3.2.2.2	Study	design	and	sheep	sampling	for	Study	B	









lambs	 (1	 year	 old	 females	 that	 had	 not	 been	 bred).	 All	 120	 sheep	were	 observed	 for	
lameness	and	divided	into	three	groups:	non-lame,	lame	and	those	where	lameness	was	
uncertain.	The	non-lame	sheep	were	examined	and	lesion	scored	as	described	for	Study	























Location	 Details	 Samples	 	 	
	 	 Type	 Depth	a	 No.	per	visit	
Study	A	 	 	 	 	
High	traffic	1	 Large	tree	used	for	shelter	 Soil	 0-1cm	 3	
	 	 	 4-5cm	 3	
	 	 Grass	 ---	 1b	
	 	 	 	 	
High	traffic	2	 Open	gateway	to	adjacent	field	 Soil	 0-1cm	 3	
	 	 	 4-5cm	 3	
	 	 Grass	 ---	 0b	
	 	 	 	 	
Low	traffic	 20m	×	20m	area	 Soil	 0-1cm	 5	
	 	 	 4-5cm	 5	
	 	 Grass	 ---	 5	
Study	B	 	 	 	 	
High	traffic	1	 Ring	feeder	 Soil	 0-1cm	 3	
	 	 	 4-5cm	 3	
	 	 Grass	 ---	 2-3b	
	 	 	 	 	
High	traffic	2	 Water	trough	by	hedge	 Soil	 0-1cm	 3	
	 	 	 4-5cm	 3	
	 	 Grass	 ---	 1-3b	
	 	 	 	 	
Low	traffic	 20m	×	20m	area	 Soil	 0-1cm	 5	
	 	 	 4-5cm	 5	






nodes	 on	 the	 quadrant	 numbered	 1	 -	 25	 and	 five	 chosen	 each	week	 using	 a	 random	















Biolabs	 GmbH,	 Berlin,	 Germany)	 between	 samples.	 Grass	 samples	 were	 picked	 and	























temperature	 was	 recorded	 using	 a	 spirit	 thermometer	 at	 1cm	 depth	 (Fisherbrand™,	
Fisher	Scientific	UK	Ltd.,	Loughborough,	UK).	Two	soil	samples	per	area	one	from	0-1	cm	














Section	 2.1.	 Load	 of	 F.	 necrophorum	 was	 measured	 in	 these	 samples	 using	 qPCR	 as	
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one	 data	 file	 using	 the	 reshape2	 package1	 (Wickham,	 2007).	 qPCR	 data	 on	 load	 of	D.	
nodosus	 and	 F.	 necrophorum	 (Section	 2.2.4)	 and	 environmental	 data	 were	 manually	
entered	into	an	Excel	spreadsheet	and	then	imported	into	R	and	merged	with	sheep	data.		
3.2.8	Statistical	analysis	of	qPCR	data	from	longitudinal	studies	
All	 statistical	 analyses	were	 carried	 out	 using	 the	R	 (v3.3.2)	 statistical	 environment	 (R	
Development	Core	Team,	2008)	with	the	R	studio	user	interface	(v1.0.136).	(Bacterial	load	
data	+	1)	were	 log10	 transformed	 for	 statistical	analyses.	 For	 the	purpose	of	 statistical	
analysis,	footrot	status	was	defined	as	presented	in	Table	3.4.	Feet	could	be	classed	as	





















































































































































The	 overall	 detection	 rate	 of	 F.	 necrophorum	 in	 samples	 from	 Study	 A	 was	 34%.	 F.	
necrophorum	was	detected	in	50%	of	foot	and	78.9%	of	mouth	swabs	and	rarely	detected	








































	 No.	 %	 Minimum	 Maximum	
Foot	swabs	 76/152	 50.0	 1.42	×	102	swab-1	 8.37	×	107	swab-1	
Mouth	swabs	 30/38	 78.9	 1.16	×	102	swab-1	 1.08	×	106	swab-1	
Faeces	 1/40	 2.5	 7.27	×	106	g-1	 7.27	×	106	g-1	
Soil	 7/88	 8.0	 3.24	×	103	g-1	 1.02	×	105	g-1	













	 Healthy	 ID	 SFR	
	 No.	 %	 No.	 %	 No.	 %	
Foot	swabs	 	 	 	 	 	 	
Sheep	level	 	52/100	 52	 9/28	 32.1	 15/24	 62.5	
Foot	level	 67/136	 49.3	 3/9	 33.3	 6/7	 85.7	
	 	 	 	 	 	 	

















Week	 Foot	swabs	 Mouth	swabs	 Soil	 Grass	 Faeces	
	 No.	 %	 No.	 %	 No.	 %	 No.	 %	 No.	 %	
1	 39/40	 97.5	 9/10	 90.0	 6/22	 27.3	 0/6	 0	 0/10	 0	
3	 17/40	 42.5	 9/10	 90.0	 1/22	 4.5	 1/6	 16.7	 1/10	 10.0	
5	 11/40	 27.5	 6/10	 60.0	 0/22	 0	 0/6	 0	 0/10	 0	




















































































































Foot	level	 	 	 	 	 	 	
Log10(Fna	load	+	1)	 112	 100	 1.45	 1.16	 1.82	 *	
Log10(Dna	load	+	1)	 112	 100	 1.35	 1.00	 1.93	 *	
Foot	with	footrot	 9	 8	 14.4	 2.31	 154	 *	
Antibiotic	spray	
treatment	
21	 19	 3.19	 0.88	 12.1	 *	
Foot	trimming		 4	 4	 4.06	 0.26	 74.4	 	
	 	 	 	 	 	 	
Sheep	level	 	 	 	 	 	 	
Mouth	swab	Fn	
positive	
92	 82	 6.05	 1.27	 41.7	 *	
Sheep	with	footrot	 32	 29	 4.44	 1.29	 19.4	 *	
Sheep	positive	on	at	
least	one	foot	
96	 86	 0.86	 0.10	 6.10	 	
Lamb	versus	ewe	 52	 46	 3.29	 0.64	 27.2	 *	
	 	 	 	 	 	 	
Time	 	 	 	 	 	 	
Week	3	 40	 36	 Ref	 	 	 	
Week	5	 40	 36	 0.39	 0.11	 1.18	 *	







Two	 explanatory	 variables	 remained	 in	 the	 multivariable	 model	 (Table	 3.10).	 The	















Fixed	effects	 	 	 	 	 	
Log10	(Fna	load	+	1)	foot	 112	 100	 1.47	 1.16	 1.89	
	 	 	 	 	 	
Sheep	healthy	 80	 71.4	 Ref	 	 	
Sheep	with	footrot	 32	 28.6	 3.40	 1.11	 12.7	
	 	 	 	 	 	
Random	part	 	 	 	 	 	
Variance	(foot	level)	 0.00	 	 	 	 	








































28	 100	 1.39	 0.81	 2.34	
Sheep	positive	on	at	least	one	
foot	
24	 85.7	 0.90	 0.03	 11.1	
Lamb	versus	ewe	 13	 46.4	 0.55	 0.03	 5.25	
	 	 	 	 	 	
Time	 	 	 	 	 	
Week	3	 10	 35.7	 Ref	 	 	
Week	5	 10	 35.7	 0.13	 0.00	 1.38	






























































































Overall,	 5%	 of	 samples	were	 positive	 for	 F.	 necrophorum.	 The	 distribution	 of	 positive	
samples	across	sample	types	was	different	than	expected	by	chance	(p	<	0.01):	as	with	






	 No.	 %	 Minimum	 Maximum	
Foot	swabs	 85/1106	 7.7	 1.03	×	102	swab-1	 8.50	×	107	swab-1	
Mouth	swabs	 21/284	 7.4	 1.82	×	102	swab-1	 1.67	×	106	swab-1	
Faeces	 11/283	 3.9	 2.18	×	105	g-1	a	 1.89	×	107	g-1	
Soil	 4/462	 0.9	 6.52	×	102	g-1	 4.31	×	103	g-1	

























	 Healthy		 ID	 SFR	
	 No.	 %	 No.	 %	 No.	 %	
Foot	swabs	 	 	 	 	 	 	
Sheep	level	 50/822	 6.1	 5/69	 7.2	 30/215	 14.0	
Foot	level	 62/1024	 6.0	 2/17	 10.5	 21/63	 33.3	
	 	 	 	 	 	 	
Mouth	swabs	 15/211	 7.1	 3/18	 16.7	 3/55	 5.5	
	 	 	 	 	 	 	
















































































































● ● ● ● ● ● ●
● ● ● ● ● ● ● ● ●
● ● ● ● ● ● ● ● ● ● ● ●
● ● ● ● ● ● ●
● ● ● ● ● ● ● ● ● ● ● ● ● ● ●
● ● ● ● ● ● ● ● ● ● ● ●
● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ●
● ● ● ● ● ● ● ● ● ●
● ● ● ● ● ● ● ● ● ● ●
● ● ●
● ● ●
● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ●
● ● ●
● ● ● ● ● ● ● ● ● ● ●
● ● ● ● ● ● ● ● ● ● ● ● ● ●
● ● ● ● ● ● ● ● ● ● ● ●
● ● ●
● ● ● ● ● ● ● ● ● ● ●
● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ●




● ● ● ● ● ● ● ● ● ● ● ● ●
● ● ● ● ● ● ● ● ● ● ● ● ● ●
● ● ● ● ● ● ● ● ● ● ●
● ● ● ● ● ● ● ● ● ● ● ● ● ●
● ● ●




















































likely	 to	be	positive	 for	F.	necrophorum	 as	minimum	temperature	during	 the	previous	

















Foot	level	 	 	 	 	 	 	
Log10	(Fna	load	+	1)	 864	 100	 1.59	 1.30	 1.94	 *	
Log10	(Dna	load	+	1)	 864	 100	 1.88	 1.51	 2.41	 *	
Foot	with	footrot	 81	 9.4	 3.78	 1.47	 9.44	 *	
ID	score	0&1	 842	 97.5	 Ref	 	 	 	
ID	score	2&3b	 22	 2.5	 4.87	 1.10	 20.4	 *	
SFR	score	0	 801	 92.7	 Ref	 	 	 	
SFR	score	1	 52	 6.0	 2.9	 0.88	 9.00	 *	
SFR	score	2&3b	 11	 1.3	 8.4	 1.13	 73.3	 *	
Sheep	level	 	 	 	 	 	 	
Mouth	swab	Fn	
positive	
72	 8.3	 1.08	 0.19	 5.20	 	
Faeces	Fn	positive	 36	 4.2	 2.56	 0.22	 42.1	 	








324	 38	 3.56	 1.45	 8.69	 *	
Week	level	 	 	 	 	 	 	
Mean	temp	(°C)	 864	 100	 0.84	 0.63	 1.14	 	
Min	temp	(°C)	 864	 100	 1.42	 1.08	 1.92	 *	
Max	temp	(°C)	 864	 100	 0.79	 0.72	 0.93	 *	
Total	rainfall	(mm)	 864	 100	 1.03	 0.99	 1.07	 *	
Soil	temp	(°C)	 864	 100	 0.89	 0.77	 1.02	 *	
Soil	moisture	(%)	 864	 100	 1.02	 1.00	 1.04	 *	
Feet	with		
Footrotc	(%)	
864	 100	 1.07	 0.87	 1.31	 	
Foot	swabs	positivec	
(%)	
864	 100	 0.98	 0.91	 1.04	 	
Mouth	swabs	
positivec	(%)	
864	 100	 0.99	 0.94	 1.06	 	
Faeces	samples	
positivec	(%)	











Value	one-week	previously	 Odds	ratio	 Lower	95%	CI	 Upper	95%	CI	
Fixed	effects	 	 	 	
Log10	(Dna	load	+	1)		 1.65	 1.33	 2.09	
Log10	(Fna	load	+	1)		 1.48	 1.17	 1.86	
Maximum	temp	(°C)		 0.79	 0.65	 0.97	
Minimum	temp	(°C)	 1.40	 1.04	 1.97	
	 	 	 	
Weekb	 0.53	 0.04	 5.99	
Week2	 0.90	 0.16	 5.13	
Week3	 2.67	 0.47	 16.1	
Week4	 0.53	 0.20	 1.57	
Random	part	 	 	 	
Variance	(foot	level)	 1.05	 	 	










correlated	 with	 minimum	 temperature.	 Minimum	 and	 maximum	 temperature	 were	
strongly	positively	correlated.	
	
All	 four	 variables	 in	 the	 final	 model	 were	 positively	 correlated	 with	 the	 foot	 having	
footrot,	 and	 increasing	 SFR	 score.	 Minimum	 and	 maximum	 temperature	 were	 both	
positively	correlated	with	the	percentage	of	feet	with	footrot	in	the	flock,	and	negatively	
correlated	with	the	percentage	of	mouths	and	faeces	positive	for	F.	necrophorum	in	the	





There	 was	 a	 strong	 positive	 correlation	 between	 both	 minimum	 and	 maximum	








Variables	included	in	the	final	model	 1	 2	 3	 4	
1.	Log10	(Dna	load	+	1)	 	 	 	 	
2.	Log10	(Fna	load	+	1)	 0.35	 	 	 	
3.	Maximum	temp	(°C)	 0.03	 -0.05	 	 	
4.	Minimum	temp	(°C)	 0.08	 -0.02	 0.71	 	
	 	 	 	 	
Other	continuous/ordinal	variables	 	 	 	 	
Foot	ID	score	 -0.07	 -0.06	 0.03	 -0.02	
Foot	SFR	score	 0.14	 0.24	 0.15	 0.09	
Mean	temperature	(°C)	 	-0.01	 -0.11	 0.95	 0.81	
Total	rainfall	(mm)	 0.08	 0.12	 -0.38	 	-0.01	
Soil	temperature	(°C)	 0.03	 -0.06	 0.91	 0.71	
Soil	moisture	(%)	 0.06	 0.11	 -0.68	 -0.31	
Feet	with	footrotb	(%)	 -0.08	 -0.12	 0.28	 0.08	
Foot	swabs	positiveb	(%)	 0.1	 0.23	 -0.17	 -0.03	
Mouth	swabs	positiveb	(%)	 0.02	 0.1	 -0.53	 -0.21	












Binary	variables	 1	 2	 3	 4	
Foot	with	footrot	 +	 +	 +	 +	
Sheep	with	footrot	 	 +	 +	 +	
Sheep	positive	for	Fn	on	at	least	one	foot	 +	 +	 -	 	
Sheep	positive	for	Dn	on	at	least	one	foot	 +	 +	 	 +	
Mouth	swab	Fn	positive	 	 	 -	 	





























Foot	level	 	 	 	 	 	 	
Log10	(Fna	load	+	1)	 53	 100	 	0.34	 	0.17	 0.51	 *	
Log10	(Dna	load	+	1)	 53	 100	 	0.13	 -0.09	 0.35	 	
Foot	with	footrot	 18	 34.0	 	1.66	 	0.63	 2.69	 *	
ID	score	0&1	 48	 90.6	 	Ref	 	 	 	
ID	score	2&3b	 5	 9.4	 2.30		 0.77		 3.82	 *	
SFR	score	0	 38	 71.7	 	Ref	 	 	 	
SFR	score	1	 9	 17.0	 	0.15	 -1.16	 1.47	 	
SFR	score	2&3b	 6	 11.3	 	1.5	 -0.54	 3.54	 	
Sheep	level	 	 	 	 	 	 	
Mouth	swab	Fn	
positive	
3	 5.7	 -0.69	 -2.86	 1.48	 	
Faeces	Fn	positive	 2	 3.8	 -0.14	 -3.60	 3.32	 	








37	 69.8	 -0.07	 -1.38	 1.25	 	
Week	level	 	 	 	 	 	 	
Mean	temp	(°C)	 53	 100	 	0.12	 -0.29	 0.52	 	
Min	temp	(°C)	 53	 100	 -0.34	 -0.68	 0.01	 *	
Max	temp	(°C)	 53	 100	 	0.25	 	0.05	 0.45	 *	
Total	rainfall	(mm)	 53	 100	 -0.04	 -0.08	 0.01	 *	
Soil	temp	(°C)	 53	 100	 	0.18	 	0.01	 0.34	 *	
Soil	moisture	(%)	 53	 100	 -0.02	 -0.05	 0.01	 	
Feet	with		
Footrotc	(%)	
53	 100	 -0.01	 -0.30	 0.27	 	
Foot	swabs	positivec	
(%)	
53	 100	 	0.04	 -0.05	 0.13	 	
Mouth	swabs	
positivec	(%)	
53	 100	 -0.02	 -0.10	 0.06	 	
Faeces	samples	
positivec	(%)	











Value	one-week	previously	 β	 Lower	95%	CI	 Upper	95%	CI	
Fixed	effects	 	 	 	
ID	score	0&1	 	Ref	 	 	
ID	score	2&3a	 	2.35	 	0.92	 3.78	
Maximum	temp	(°C)	 	0.26	 	0.07	 0.44	
	 	 	 	
Weekb	 	-0.42	 -2.37	 1.54	
Week2	 0.53	 -1.24	 2.30	
Week3	 -0.12	 -1.99	 1.75	
Week4	 -0.16	 -1.29	 0.97	
Random	part	 	 	 	
Variance	(foot	level)	 0.38	 	 	
































rates	 do	 not	 fit	 those	 that	 would	 be	 expected	 for	 a	 pathogen	 with	 significant	
environmental	 reservoirs,	 for	 example	 in	 a	 longitudinal	 study	 of	 dairy	 cattle	 an	
environmental	 mastitis	 pathogen,	 Streptococcus	 uberis,	 was	 detected	 in	 over	 60%	 of	
environmental	samples	(Zadoks	et	al.,	2005).		
	






al.,	2001;	Handeland	et	al.,	2010),	 suggesting	 that	 the	environment	supports	 transient	
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presence	 of	 F.	 necrophorum	 when	 conditions	 are	 favourable	 for	 transmission.	 These	
studies	 also	 highlight	 that	 under	 more	 extensive	 grazing	 systems	 and	 without	 heavy	
rainfall,	necrobacillosis	in	ungulates	is	sporadic.	This	provides	further	evidence	that	soil	is	
not	 a	 normal	 site	 for	 F.	 necrophorum	 persistence,	 and	 that	 transmission	 via	 the	
environment	is	generally	low.	Further	study	of	high	traffic	areas	during	periods	of	high	





change	 from	 the	 previous	 assumption	 that	 F.	 necrophorum	 is	 ubiquitous	 in	 the	










































could	not	be	 fully	determined	because	 shedding	was	 still	 occurring	at	 the	 last	 sample	
















but	 at	 lower	 maximum	 temperatures.	 This	 implies	 that	 F.	 necrophorum	 survival	 and	
transmission	increased	when	temperatures	were	less	extreme.	Evidence	from	Australia	
showed	 that	 footrot	 transmission	 did	 not	 occur	 below	 50°F	 (10°C),	 or	 during	 hot	 dry	
periods	(Graham	&	Egerton,	1968),	however	evidence	from	the	UK	suggests	that	footrot	
transmission	can	occur	year	 round	despite	 temperatures	 frequently	 falling	below	10°C	
(Ridler	et	al.,	2009).	Moisture	is	reported	to	be	the	most	important	environmental	factor	




high	 rainfall.	 Finally,	 it	 should	be	noted	 that	 there	were	only	19	values	present	 in	 the	




the	 two	 studies,	 and	 this	 was	 due	 to	 a	 difference	 in	 the	 number	 of	 sheep	 that	 had	
repeated	detections	at	this	site	(10/10	in	Study	A	and	3/30	in	Study	B).	The	difference	in	
detection	 rates	of	F.	 necrophorum	 from	mouth	 swabs	between	 the	 two	 studies	 could	
relate	 to	 the	difference	 in	 footrot	prevalence	 (maximum	20%	 feet	affected	 in	Study	A	
	 	 Chapter	3	
	 69	



















data	 from	 foot	 swabs,	 however	 a	 zero-inflated	model	 could	 be	 used	 to	 combine	 the	

















studies.	 Instead,	 F.	 necrophorum	 persisted	 in	 sheep,	 primarily	 on	 feet	 but	 also	 in	 the	
mouths	 and	 faeces	 of	 certain	 individuals.	 Feet	 were	 the	 most	 consistent	 site	 for	 F.	
necrophorum	 persistence	 in	 a	 flock,	 and	 footrot	 facilitated	 persistence	 at	 this	 site.	 F.	
necrophorum	was	able	to	persist	in	mouths	for	at	least	8	weeks,	and	could	be	persistently	
























necrophorum,	 and	 to	 test	 the	 use	 of	 this	 scheme	 to	 analyse	 both	 isolates	 and	mixed	
communities.	 Seventy-three	 tandem	 repeat	 regions	 were	 identified	 in	 the	 F.	
necrophorum	 genome;	 three	 of	 these	 loci	 were	 suitable	 and	 developed	 as	 a	 MLVA	
scheme.	The	MLVA	scheme	was	sensitive,	specific,	and	discriminatory	for	both	isolates	

















Fusobacterium	 necrophorum	 is	 associated	 with	 a	 variety	 of	 diseases,	 termed	
necrobacilloses,	 in	humans	and	animals.	 In	humans,	F.	necrophorum	causes	Lemierre’s	



















necrophorum	 infections	 can	 occur	 at	 any	 age	 (Aliyu	 et	 al.,	 2004;	 Jensen	 et	 al.,	 2007;	
Ludlam	 et	 al.,	 2009).	 In	 sheep,	 F.	 necrophorum	 has	 been	 isolated	 from	 the	 gingiva	
(McCourtie	et	al.,	1990;	Bennett	et	al.,	2009)	and	detected	on	both	healthy	and	footrot-
diseased	feet	(Witcomb	et	al.,	2014),	but	the	significance	of	these	sites	as	reservoirs	is	
unknown.	Whilst	F.	necrophorum	 has	been	widely	assumed	 to	be	ubiquitous	 in	 sheep	







subsp.	 necrophorum	 but	 not	 funduliforme	 (Narongwanichgarn	 et	 al.,	 2003).	 To	




















Seventy-three	 tandem	 repeat	 regions	 (Appendix	 7)	 were	 identified	 from	 the	 whole	
genome	shotgun	sequence	of	F.	necrophorum	ATCC	51357	(GenBank	Accession	number	
AJSY00000000.1)	using	the	Tandem	Repeats	Finder	software	v.4.08	(Benson,	1999).	Nine	






tested	 first	 for	 amplification	 of	 the	 target	 region	 and	 then	 for	 polymorphism	 at	 the	




































PCR	 reactions	were	 carried	out	 in	a	 final	 volume	of	25µl	and	contained	12.5µl	Bioline	
MyTaq™	Red	Master	Mix	(2×;	Bioline	Reagents	Ltd.,	London,	UK),	1µl	molecular	biology	
grade	bovine	serum	albumin	 (BSA;	100µg	ml-1;	Sigma-Aldrich	Ltd.,	Gillingham,	UK),	1µl	






72°C	 for	10	min.	All	 PCR	 reactions	were	 carried	out	on	an	Eppendorf	Mastercycler	ep	






PCR	primer	 specificity	was	 tested	using	DNA	 from	a	 selection	of	non-target	organisms	
(Fusobacterium	 gonidiaformans	 [DSM	 19810],	 Fusobacterium	 nucleatum	 subsp.	
















a	 selective	 medium	 based	 on	 that	 used	 by	 Brazier	 et	 al.	 (1991)	 (Wilkins-Chalgren	





















Country	 Animal	 Site	 Subspecies	 Number	of	isolates	
UK	 Sheep	 Foot	 necrophorum	 9	
	 	 Mouth	 funduliforme	 1	
	 Cattle	 Liver	abscess	 necrophorum	 8	
	 	 	 funduliforme	 1	
	 	 	 	 	
USA	 Cattle	 Liver	abscess	 necrophorum	 9	
	 	 	 funduliforme	 4	
	 	 Footrot	 necrophorum	 6	
	 	 Rumen	 necrophorum	 1	
	 	 	 funduliforme	 3	
	 Elk	 Footrot	 necrophorum	 4	
	 	 	 	 	
France	 Sheep	 Foot	 necrophorum	 1	
	 	 	 	 	
Spain	 Sheep	 Foot	 necrophorum	 5	
	




Shipley,	 UK)	 at	 30°C	 for	 2-5	 days.	 DNA	was	 extracted	 from	 cultures	 using	 the	Qiagen	
DNeasy	 Blood	 and	 Tissue	 Kit	 (Qiagen	 Ltd.,	 Manchester,	 UK)	 according	 to	 the	
manufacturer’s	 instructions	with	a	 lysis	 time	of	1	hour.	A	F.	necrophorum	 specific	PCR	
targeting	the	gyrase	B	gene	(Jensen	et	al.,	2007)	was	used	to	confirm	that	isolates	were	
F.	necrophorum,	and	amplification	of	 the	haemagglutinin-related	protein	gene	used	to	


































	 	 	 No.	 %	 No.	 %	
A	 Warwickshire	 05-07/2014	 76/152	 50	 30/38	 79	
B	 Norfolk	 11/2015	 2/13	 15	 7/15	 47	
C	 Cheshire	 12/2015	 2/13	 15	 1/15	 7	
D	 West	Midlands	 01/2016	 3/14	 21	 7/15	 47	
E	 Staffordshire	 01/2016	 3/16	 19	 1/15	 7	
F	 Warwickshire	 01/2016	 2/14	 14	 1/15	 7	
	
For	the	swab	samples,	the	number	of	MLVA	variants	within	a	locus	was	determined	by	































Variant	namea	 Size	in	bp	 Number	of	repeats	 Frequency	of	detection	
13.1	 463	 1	 12	
13.1a	 508	 1	 8	
13.2	 479	 2	 26	
42.2	 475	 2	 5	
42.3	 487	 3	 1	
42.4	 499	 4	 1	
42.5	 511	 5	 22	
42.6	 523	 6	 17	
69.2	 470	 2	 16	
69.3	 482	 3	 24	
69.4	 494	 4	 4	






























All	 expected	 locus	 variants	were	 detected	 in	 the	model	 community	 (data	 not	 shown)	
indicating	that	the	MLVA	scheme	was	able	to	detect	strains	in	mixed	communities	of	F.	























	 No.	 %	 No.	 %	
A	 25/37		 68	 15/16		 94	
B	 0/2		 0	 6/7		 86	
C	 0/2		 0	 1/1		 100	
D	 3/3		 100	 5/7		 71	
E	 2/3		 67	 1/1		 100	










2	 A	 2	 2	
3	 A	 2	 4	
4	 A	 2	 4	
6	 A	 2	 2	
9	 D	 3	 6	
11	 B	 2	 8	
12	 B	 2	 2	
13	 B	 2	 2	
14	 B	 2	 2	

















































epidemiological	 concordance,	 typeability	 and	 reproducibility	 are	also	used	 to	evaluate	
typing	 schemes	 (van	 Belkum	 et	 al.,	 2007).	 A	 HGDI	 discriminatory	 value	 of	 ≥0.95	 is	
recommended	for	typing	schemes	(van	Belkum	et	al.,	2007).	The	discriminatory	ability	of	
this	3-loci	scheme	was	0.85	(95%	CI	0.80	–	0.90)	for	isolates	and	0.94	(95%	CI	0.90	-	0.98)	
for	 communities	 of	 F.	 necrophorum.	Whilst	 ideally	 we	would	 have	 liked	 to	make	 the	
scheme	more	discriminatory	there	were	no	more	loci	appropriate	for	the	scheme.	The	
results	 from	 isolates	 and	 communities	 do	 suggest	 that	 the	 scheme	 is	 sufficiently	








differentiate	 isolates	 from	 the	 same	 country,	 host,	 site	 and	 subspecies.	 There	was	 no	
clustering	 of	 F.	 necrophorum	 strain	 types	 by	 country,	 host	 or	 site	 from	 the	 isolates	
analysed.	This	might	be	due	to	the	relatively	small	number	of	isolates	analysed	or	because	




























validated	 for	 both	 isolates	 and	 community	 DNA	 samples	 of	 F.	 necrophorum.	 Using	
samples	 from	 sheep,	 the	 scheme	 is	 epidemiologically	 plausible	 and	 has	 potential	 to	
improve	 understanding	 of	 reservoirs	 of	 F.	 necrophorum	 and	 their	 association	 with	
necrobacilloses	in	both	non-human	and	human	animals.	
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valuable	 information	 regarding	 persistence	 of	 F.	 necrophorum	 at	 these	 sites,	 and	





















frequently	 detected	 variant	was	 found	on	 55%	 (31/56)	 of	 samples	 (Table	 5.1).	Only	 1	














Locus	Fn13	 	 	 	 	
13.1a	 1	(0)a	 1	 0	 2	
13.2	 23	(15)	 5	 3	 31	
Locus	Fn42	 	 	 	 	
42.4	 1	(0)	 0	 0	 1	
42.5	 32	(16)	 13	 9	 54	
42.6	 0	 1	 0	 1	
42.7	 1	(0)	 0	 0	 1	
Locus	Fn69	 	 	 	 	
69.1	 0	 1	 0	 1	
69.2	 0	 9	 5	 14	
69.3	 24	(14)	 1	 6	 31	










variants	 were	 detected	 on	 the	 same	 foot	 at	 different	 points	 in	 the	 study	 on	 three	
occasions,	these	were	left	rear	of	sheep	03468	week	1	and	13,	left	fore	of	sheep	03478	
week	1	and	6,	and	right	fore	of	sheep	03478	week	3	and	7	(Figure	5.1).	The	same	variant	









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































	 Fn13	 Fn42	 Fn69	 Study	A	 Study	B	 CSb	
1	 2	 5	 2	 24	 0	 2	
8	 2	 5	 3	 0	 21	 4	
17	 2	 5	 4	 0	 1	 1	







in	 Chapters	 4	 and	 5	 were	 closely	 related	 by	 MLVA	 profile.	 There	 were	 strains	 of	 F.	
necrophorum	detected	 in	mouths	and	 faeces	 that	were	never	detected	on	 feet.	These	
findings	suggest	 that	 the	strains	detected	on	 feet	may	share	characteristics	 that	make	
them	well	adapted	to	this	site	and	that	some	of	the	strains	in	mouths	and	faeces	may	not	
survive	on	feet.	Strain	by	site	variation	may	occur	because	of	differences	in	pathogenicity	











main	 flock	onto	clean	pasture	and	that	 the	 first	strain	was	carried	on	 feet	but	did	not	
persist.	 In	 mouths	 and	 faeces,	 the	 same	 strains	 persisted	 throughout	 the	 study.	 This	
pattern	might	indicate	that	flock	management	can	perturb	populations	of	F.	necrophorum	
on	feet	but	not	mouths	and	faeces.	This	hypothesis	is	based	on	the	acceptance	that	MLVA	
distinguishes	 strains	 and	 so	 different	 variants	 represent	 different	 strains	 of	 F.	
necrophorum,	 and	 that	whilst	MLVA	was	not	 successful	on	100%	of	occasions,	 lack	of	
success	was	random	across	strains.		
	
Fn69.3	was	detected	on	 several	occasions	 in	 faeces,	on	healthy	 feet	 and	on	 feet	with	
footrot,	and	therefore	strains	containing	Fn69.3	may	have	been	transmitted	from	faeces	
to	feet,	or	between	feet.	There	were	two	findings	that	suggest	transmission	between	feet	
was	more	 likely.	 Firstly,	 if	 transmission	 of	 F.	 necrophorum	 strains	 from	 faeces	 to	 feet	
occurred,	 detection	 of	 the	 Fn69.2	 variant	 that	 was	 frequent	 in	 faeces	 would	 also	 be	


























literature	on	 the	acquisition	and	development	of	 the	microbial	 community	 in	 the	oral	
cavity	of	sheep.	In	humans	the	oral	cavity	microbial	community	is	mainly	derived	from	the	
microbial	communities	of	the	mother,	and	is	then	modified	by	factors	including	diet	and	
the	external	environment	 (Gomez	&	Nelson,	2017).	 If	 the	 same	 is	 true	 for	 sheep,	 it	 is	
possible	 that	 differences	 between	 farms	 in	 diet	 and	 bacteria	 present	 in	 the	 farm	





necrophorum	 on	 feet	 are	 intermittently	 present	 in	mouths	 and	 faeces.	 Improving	 the	
sensitivity	of	the	MLVA	would	clarify	whether	or	not	the	mouth	and	faeces	are	reservoirs	
for	 F.	 necrophorum	 strains	 also	 present	 on	 feet.	 In	 addition,	 determining	 the	 variant	












revealed	 that	 F.	 necrophorum	 was	 persistently	 detected	 in	 the	mouths	 and	 faeces	 of	
sheep	and	that	the	variants	of	F.	necrophorum	in	these	samples	frequently	differed	from	
those	on	feet.	Consequently,	mouths	and	faeces	are	unlikely	to	be	reservoir	sites	for	the	



















A	 key	 finding	 from	 this	 study	 was	 that	 F.	 necrophorum	 was	 rarely	 detected	 in	 the	
environment	of	sheep,	overturning	the	belief	that	F.	necrophorum	is	ubiquitous	on	sheep	
pasture.	When	detected	in	soil,	F.	necrophorum	was	transiently	present	and	presence	was	
likely	 to	 be	due	 to	 contamination	 from	 infected	 sheep	 (Sections	 3.3.3	 and	3.4.3).	 The	
belief	that	F.	necrophorum	was	able	to	survive	in	soil	was	based	on	evidence	from	soil	
microcosm	 experiments	 (Garcia	 et	 al.,	 1971).	 This	 led	 to	 the	 assumption	 that	 F.	
necrophorum	 would	 be	 widespread	 on	 sheep	 pasture	 (Section	 1.7),	 however,	 until	














be	 able	 to	 survive	 and	 persist	 on	 feet.	 If	 this	 suggestion	 were	 confirmed,	 it	 would	















Although	 feet	 with	 footrot	 were	 the	 primary	 site	 of	 persistence	 for	 the	 strains	 of	 F.	







confirm	 this.	Mouths	 and	 faeces	 did	 represent	 a	 persistent	 reservoir	 for	 strains	 of	 F.	
necrophorum	not	found	on	feet	(Section	4.4.3	and	5.3.2),	and	a	complex	community	of	F.	





(Section	 3.4.5),	 and	 the	 resultant	 high	 loads	 of	 F.	 necrophorum	 on	 feet	 with	 footrot	
(Section	 3.4.3.3)	 may	 make	 these	 feet	 an	 important	 source	 of	 F.	 necrophorum	 for	
transmission	 between	 feet	 and	 sheep	 within	 a	 flock.	 However,	 for	 other	 bacterial	
pathogens,	 there	 is	evidence	that	shedding	of	high	 loads	does	not	necessary	 lead	to	a	
proportionate	 effect	 on	 transmission	 (Spencer	 et	 al.,	 2015;	 Slater	 et	 al.,	 2016),	 and	
therefore	 further	 investigation	would	 be	 needed	 to	 determine	 the	 role	 of	 footrot	 for	
within-flock	transmission	of	F.	necrophorum.	
	
The	 findings	discussed	 so	 far	 refer	 to	persistence	and	 transmission	of	F.	necrophorum	
within	a	sheep	flock.	 In	the	UK,	sheep	farmers	frequently	buy	in	new	stock	from	other	
farms,	 and	 therefore	 transmission	 of	 F.	 necrophorum	 between	 flocks	 is	 also	 possible.	
Assuming	farmers	practice	good	biosecurity,	only	healthy	sheep	should	be	introduced	to	
a	flock	and	therefore	feet	with	footrot	will	not	be	a	significant	source	of	F.	necrophorum.	


















may	 contribute	 to	 our	 understanding	 of	 the	 epidemiology	 of	 a	 number	 of	 bacterial	
pathogens.		
6.3	Limitations	of	the	current	study	
The	 low	 prevalence	 of	 footrot	 in	 Study	 B	 was	 valuable	 for	 studying	 F.	 necrophorum	
persistence	as	previously	highlighted,	however,	the	lack	of	diversity	of	lesion	scores	and	



















This	 thesis	 has	 contributed	 to	 the	 understanding	 of	 persistence	 of	 F.	 necrophorum	 in	




F.	 necrophorum,	 and	 soil	 is	 likely	 to	be	 a	 temporary	 ‘fomite’	 to	 facilitate	 transmission	
between	hosts.	The	feet	of	sheep	were	the	primary	site	of	persistence	for	F.	necrophorum,	
with	 footrot	 facilitating	 persistence.	 This	 study	 provided	 the	 first	 evidence	 that	 F.	
necrophorum	is	shed	in	sheep	faeces,	and	both	faeces	and	the	mouths	of	sheep	may	be	
transient	 reservoirs	 for	 F.	 necrophorum	 in	 footrot.	 There	 was	 evidence	 that	 F.	





not	 necessarily	 “super	 spreaders”	 (Slater	 et	 al.,	 2016),	 and	 therefore	 this	 would	 be	






when	 footrot	 is	 completely	absent	 from	a	 flock,	or	 for	 the	 transfer	of	F.	necrophorum	
between	flocks.	There	is	evidence	that	F.	necrophorum	can	be	detected	in	flocks	without	





The	 MLVA	 typing	 scheme	 revealed	 differences	 in	 the	 communities	 and	 strains	 of	 F.	
necrophorum	present	on	 the	 feet	and	 in	 the	mouths	of	 sheep.	 Further	 research	using	
sequencing	methods	to	analyse	individual	isolates	representative	of	the	strains	found	on	
feet	and	in	mouths	would	improve	our	understanding	of	the	similarities	and	differences	













transmission	 and	 survival	 of	 F.	 necrophorum.	 Historically,	 management	 practices	 to	
reduce	 pathogen	 transmission	 have	 focused	 on	 D.	 nodosus	 because	 of	 assumptions	
regarding	the	widespread	distribution	of	F.	necrophorum	in	the	environment.	In	light	of	
the	 current	 findings,	 it	 would	 be	 valuable	 to	 investigate	 the	 effect	 of	 management	
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Log10(Fn	load	+	1)	 	 	 	 	 	 	 	 	 	 	
Log10(Dn	load	+	1)	 	 	 	 	 	 	 	 	 	 	
Time	 -0.56	 -0.27	 	 	 	 	 	 	 	 	
Sheep	positive	on	at	
least	one	foot	 +	 +	 -	 	 	 	 	 	 	 	
Lamb	rather	than	ewe	 +	 -	 	 	 	 	 	 	 	 	
Foot	diseased	 +	 +	 	 	 	 	 	 	 	 	
Antibiotic	spray	
treatment	 	 +	 +	 a	 	 b	 	 	 	 	
Trimming	treatment	 	 	 	 	 	 	 c	 	 	 	
Mouth	positive	for	Fn	 	 	 -	 	 d	 	 	 	 	 	
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0.35	 	 0.24	 -0.11	 0.12	 0.11	 	 	 	 -0.12	 0.23	 0.10	 	
+	 +	 +	 +	 	 	
Log10(Dn	
load+1)	
	 -0.07	 0.14	 	 0.08	 	 	 	 0.08	 -0.08	 0.10	 	 -0.12	
+	 	 +	 +	 	 -	
ID	score	 	 	 0.07	 	 	 	 	 	 	 0.54	 	 	 0.13	 +	 +	 	 -	 	 	
SFR	score	 	 	 	 0.15	 -0.13	 -0.15	 0.17	 0.15	 0.09	 0.17	 	 	 -0.10	 +	 +	 +	 	 	 	
Mean	temp	 	 	 	 	 	 -0.69	 0.9	 0.95	 0.81	 0.27	 -0.34	 -0.53	 -0.62	 +	 +	 -	 	 -	 -	
Total	rainfall	 	 	 	 	 0.57	 -0.45	 	 	 -0.34	 0.35	 0.63	 0.21	 -	 -	 +	 +	 +	 	
Soil	moisture	 	 	 	 	 	 -0.67	 -0.68	 	 -0.31	 0.22	 0.42	 0.42	 -	 -	 +	 +	 +	 +	
Soil	temp	 	 	 	 	 	 	 	 0.91	 0.71	 0.34	 -0.14	 -0.41	 -0.68	 +	 +	 -	 	 -	 -	
Max	temp	 	 	 	 	 	 	 	 	 0.71	 0.28	 -0.17	 -0.53	 -0.66	 +	 +	 -	 	 -	 -	
Min	temp	 	 	 	 	 	 	 	 	 	 0.08	 	 -0.21	 -0.60	 +	 +	 	 +	 	 -	
%	feet	diseased	 	 	 	 	 	 	 	 	 	 	 0.34	 0.21	 +	 +	 -	 -	 	 	
%	feet	Fn	+ve	 	 	 	 	 	 	 	 	 	 	 0.61	 	 	 	 +	 	 +	 +	
%	mouths	Fn	+ve	 	 	 	 	 	 	 	 	 	 	 	 0.38	 	 	 +	 	 +	 +	
%	faeces	Fn	+ve	 	 	 	 	 	 	 	 	 	 	 	 	 	 -	 -	 -	 +	 +	
Foot	diseased	 	 	 	 	 	 	 	 	 	 	 	 	 	 a	 	 	 	 	
Sheep	diseased	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 b	 	 	 	
Fn	on	≥	1	foot	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 c	 d	 	
Dn	on	≥	1	foot	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 e	









































Fn1	 ü	 ü	 ü	 	
Fn2	 ü	 ü	 ü	 	
Fn3	 ü	 ü	 	 	
Fn4	 ü	 	 	 	
Fn5	 ü	 	 	 	
Fn6	 ü	 	 	 	
Fn7	 ü	 	 	 	
Fn8	 	 	 	 	
Fn9	 ü	 	 	 	
Fn10	 ü	 	 	 	
Fn11	 ü	 	 	 	
Fn12	 ü	 	 	 	
Fn13	 ü	 ü	 ü	 ü	
Fn14	 ü	 ü	 ü	 	
Fn15	 ü	 ü	 	 	
Fn16	 ü	 ü	 	 	
Fn17	 ü	 ü	 	 	
Fn18	 ü	 	 	 	
Fn19	 ü	 	 	 	
Fn20	 ü	 	 	 	
Fn21	 ü	 	 	 	
Fn22	 ü	 ü	 	 	
Fn23	 	 	 	 	
Fn24	 ü	 	 	 	
Fn25	 ü	 ü	 ü	 	
Fn26	 ü	 ü	 ü	 	
Fn27	 	 	 	 	
Fn28	 	 	 	 	
Fn29	 ü	 	 	 	
	 	 	
	 130	
Fn30	 ü	 ü	 ü	 ü*		
Fn31	 	 	 	 	
Fn32	 	 	 	 	
Fn33	 ü	 ü	 ü	 	
Fn34	 ü	 ü	 	 	
Fn35	 ü	 ü	 ü	 	
Fn36	 ü	 ü	 ü	 	
Fn37	 ü	 ü	 	 	
Fn38	 ü	 ü	 ü	 	
Fn39	 ü	 ü	 ü	 	
Fn40	 ü	 ü	 ü	 	
Fn41	 ü	 ü	 ü	 	
Fn42	 ü	 ü	 ü	 ü	
Fn43	 ü	 	 	 	
Fn44	 ü	 ü	 ü	 	
Fn45	 ü	 	 	 	
Fn46	 ü	 	 	 	
Fn47	 ü	 	 	 	
Fn48	 ü	 	 	 	
Fn49	 ü	 	 	 	
Fn50	 ü	 	 	 	
Fn51	 ü	 	 	 	
Fn52	 ü	 	 	 	
Fn53	 ü	 	 	 	
Fn54	 	 	 	 	
Fn55	 ü	 ü	 ü	 	
Fn56	 ü	 ü	 ü	 	
Fn57	 ü	 ü	 	 	
Fn58	 ü	 ü	 ü	 	
Fn59	 ü	 ü	 	 	
Fn60	 ü	 	 	 	
Fn61	 ü	 ü	 ü	 	
Fn62	 ü	 ü	 ü	 	
Fn63	 ü	 ü	 ü	 	
Fn64	 ü	 	 	 	
Fn65	 ü	 	 	 	
Fn66	 ü	 	 	 	
Fn67	 ü	 	 	 	
Fn68	 ü	 	 	 	
Fn69	 ü	 ü	 ü	 ü	
Fn70	 ü	 ü	 2	bands	 	
	 	 	
	 131	
Fn71	 ü	 ü	 ü	 	
Fn72	 	 	 	 	
Fn73	 	 	 	 	


























MLVA	type	 Fn13*	 Fn69*	 Fn42	 Frequency	
1	 2	 2	 5	 10	
2	 2	 4a	 3	 1	
3	 2	 3	 5	 9	
4	 1	 3	 6	 12	
5	 1a	 2	 2	 5	
6	 2	 4	 5	 2	
7	 2	 3	 6	 2	
8	 2	 4a	 5	 1	
9	 2	 2	 6	 1	
10	 1a	 4	 4	 1	
11	 1a	 3	 6	 1	









	 	 	 Variants	present	
Type	 Site*	 Frequency	 Fn13.1a‡	 Fn13.2	 Fn69.2	 Fn69.3	 Fn69.4	 Fn42.1	 Fn42.2	 Fn42.3	 Fn42.4	 Fn42.5	 Fn42.6	 Fn42.7	 Fn42.8	
1	 F,M&Fe	 34	 	 1	 1	 	 	 	 	 	 	 1	 	 	 	
2	 F&M	 3	 	 1	 1	 	 	 	 	 1	 	 1	 	 	 	
3	 M	 4	 1	 1	 1	 	 	 	 1	 	 	 	 	 1	 	
4	 M	 4	 	 1	 1	 1	 	 	 	 	 	 1	 1	 	 	
5	 M	 2	 1	 	 1	 	 	 	 	 	 	 	 1	 	 	
6	 M	 2	 1	 	 1	 	 	 	 	 	 	 1	 1	 	 	
7	 M	 1	 	 1	 1	 	 	 	 	 1	 	 	 	 	 	
8	 F,M&Fe	 27	 	 1	 	 1	 	 	 	 	 	 1	 	 	 	
9	 M	 2	 1	 1	 1	 1	 1	 	 	 	 	 1	 	 	 	
10	 M	 1	 	 1	 1	 	 	 	 1	 	 	 	 	 	 	
11	 M	 1	 1	 1	 1	 1	 	 	 	 1	 	 	 1	 	 	
12	 M	 1	 	 1	 1	 1	 	 	 	 1	 	 	 	 	 	
13	 M	 1	 1	 	 1	 	 	 	 	 	 	 	 1	 1	 	
14	 M	 1	 	 1	 1	 1	 	 	 	 	 	 1	 	 	 	
15	 M	 1	 1	 	 1	 	 	 	 	 	 	 	 	 	 1	
16	 M	 1	 	 1	 1	 	 	 1	 	 	 	 1	 	 	 	
17	 F	 2	 	 1	 	 	 1	 	 	 	 	 1	 	 	 	
18	 F	 1	 1	 	 	 	 1	 	 	 	 	 1	 	 	 	
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